While mechanistic details of dissimilatory metal reduction are far from being understood, it 2 is postulated that the electron transfer to solid metal oxides is mediated by outer membrane-3 associated c-type cytochromes and redox active electron shuttling compounds. This study 4 focuses on the production of homogensitate in Shewanella oneidensis MR-1, an intermediate 5 of tyrosine degradation pathway, which is a precursor of a redox cycling metabolite, 6 pyomelanin. In this study, we determined that two enzymes involved in this pathway, 4-7 hydroxyphenylpyruvate dioxygenase (4HPPD) and homogentisate 1,2-dioxygenase are 8 responsible for homogentisate production and oxidation, respectively. Inhibition of 4-HPPD 9 activity with the specific inhibitor sulcotrione ([2-(2-chloro-4-methane sulfonylbenzoyl)-10
Introduction
Dissimilatory metal reducing bacteria (DMRB) contribute to biogeochemical cycling of both soluble and solid-phase metals, including Fe(III). DMRB gain energy for growth by catalyzing Fe(III) reduction with organic electron donors (Lovley et al., 1988) , even though most of the Fe(III) in soils and sediments is found in the form of highly insoluble minerals (Schwertmann and Taylor, 1997 ). The specific strategies by which DMRB transfer electrons to insoluble minerals have not been completely characterized although substantial evidence points at outer membrane-associated c-type cytochromes as key mediators of the electron transfer to solid metal oxides (Lloyd, 2003; Gorby et al., 2006) . Another strategy involves environmental humic compounds which serve as terminal electron acceptors and electron shuttles for iron reduction by DMRB (Lovley et al.,1996) . Humic compounds are capable of transferring electrons to iron minerals due to the redox cycling capabilities of the quinone moieties that are associated with these heteropolymers (Scott et al., 1998 ). This scenario, however, is dependent on the quantity and redox cycling capability of humics present in the environment since redox activity varies for humic compounds from different locations (Scott et al., 1998) . This raises the question of how solid-phase electron transfer can be accomplished efficiently when environmental humics are low in quantity or their redox cycling capacities are poor.
The ability for some DMRB to produce their own extracellular electron shuttling compounds for solid-phase mineral reduction offers another strategy for growth and survival of these microorganisms in the environment. It was shown that production of a specific redox cycling metabolite by Shewanella algae BrY, tentatively identified as pyomelanin, plays a role in dissimilatory metal reduction by serving as a soluble and cell-associated electron shuttle (Turick et al, 2002; 2003) . Quantities of pyomelanin as low as 3 fg/cell were calculated to be sufficient to increase iron oxide reduction rates by 10% (Turick et al., 2002) .
It should be noted that several types of melanin pigments exist in nature and are produced by various biochemical mechanisms. Pyomelanin originates from bacterial conversion of tyrosine and/or phenylalanine as part of the fumarate pathway (Lehninger, 1975) In the absence of HGA-oxidase [or if homogentisate (HGA) production exceeds that of HGA-oxidase], HGA is over-produced and excreted from the cell (Coon et al., 1994). Autooxidation and self-polymerization of excreted HGA results in pyomelanin, a polyaromatic heteropolymer which consists of numerous quinone moieties (Ruzafa et al., 1995) . This process occurs when oxygen concentrations decline, (Ruzafa et al., 1995) likely at the oxic/anoxic zones in the environment. Other types of melanins include eumelanin and allomelanin (Prota, 1992) . Eumelanin results from the conversion of tyrosine to the eumelanin precursor 3,4-dihydroxyphenylalanine (DOPA), by the enzyme tyrosinase while allomelanins are produced by laccase conversion of phenolic compounds.
In this study, we elucidated the process of homogentisate production by S. oneidensis MR-1 and identified key steps involved in accumulation of pyomelanin. To better understand the environmental relevance of this redox shuttling metabolite, we employed genetic analysis and physiological characterization of recombinant S. oneidensis MR-1 strains deficient in or displaying substantially increased melanin production. The relative significance imparted by pyomelanin on solid-phase electron transfer was also addressed using an electrochemistry approach incorporating cyclic voltammetry to better understand the link between genetics and physiology to biogeochemical cycling, especially in relation to bioremediation of metal contaminated environments.
Results
Characterization of melanin production. Tyrosine supplemented lactate basal salts medium (LBSM) resulted in production of a reddish-brown pigment during late log and early stationary growth phases. At pH <2, the soluble cell-free pigment precipitated rapidly displaying melanin and humic-like properties (Ellis and Griffiths, 1974). Following precipitation, washing and dialysis, the dried (60°C) pigment resulted in a black powder with melanin-like characteristics based on the following properties (Ellis and Griffiths, 1974): insolublity in organic solvents (ethanol, chloroform and acetone); solubility in NaOH solutions at pH >10; decolorization in H 2 O 2 ; precipitation by FeCl 3 ; and inability to filter through 8-kDa dialysis membrane.
High pressure capillary electrophoresis (HPCE) analyses of spent cell-free tyrosinesupplemented LBSM minimal medium demonstrated a peak that co-eluted with the homogentisic acid (HGA) standard indicating production of homogensitate, the precursor of pyomelanin (Fig. 1) . In contrast, DOPA, the precursor of eumelanin was not detected.
Laccase is inhibited at elevated glucose concentrations (Frases et al., 2007) , but an equivalent degree of pigmentation was evident at both 5 and 25g/l glucose supplemented basal salts medium with tyrosine, indicating that laccase was not involved in pigment production (data not shown). These data specifically implied the production of pyomelanin and hence the existence of 4-HPPD, which is responsible for HGA production in the tyrosine catabolic pathway.
To confirm the role of 4-HPPD in pyomelanin production, S. oneidensis MR-1 cultures were grown in tryptic soy broth (TSB) and tyrosine supplemented LBSM for 48 hr in the presence or absence of sulcotrione, a competitive inhibitor of 4-HPPD. Cultures grown in LBSM with both sulcotrione and tyrosine had no pigmentation relative to cultures without tyrosine (Table 1) . Decreased pyomelanin production of spent cell free TSB was evident from sulcotrione-treated cultures. After 48 h of growth in LBSM with sulcotrione and no tyrosine, no pigmentation was detected ( In many organisms, homogensitate 1,2-dioxygenase is a part of the tyrosine catabolic pathway and is involved in the oxidation of homogentisic acid to maleyl-acetoacetate which is subsequently assimilated through the TCA cycle. The genome sequence suggests the presence of a complete tyrosine degradation pathway in S. oneidensis MR-1 and its components are identified in the KEGG database (http://www.kegg.com).
To elucidate the functions of SO1962 and SO1963 in melanin production, we generated in-frame deletion mutants lacking putative melA and hmgA genes. The resulting mutants, ∆melA and ∆hmgA, were tested for production of pyomelanin during growth on tyrosine supplemented LBSM and TSB media. Our results indicate that pyomelanin production was completely abolished in the ∆melA mutant, while ∆hmgA strain deficient in the putative HGA-oxidase displayed substantial overproduction of this electron shuttling compound relative to the wild-type S. oneidensis MR-1 (Table 1) . Interestingly, the overproduction of pyomelanin was most notable in stationary phase when the ∆hmgA strain was grown on minimal medium without the addition of tyrosine exceeding the wild-type production levels by 5-to 8-fold (Table 1) .
Pyomelanin production related to Fe(III)-oxide reduction. Anaerobic resting cell studies with S. oneidensis MR-1 and H 2 (as electron donor) were conducted to quantify the role of 4-HPPD on pyomelanin production relative and subsequent HFO reduction. For LBSM grown cultures, only those with tyrosine but without sulcotrione (melanized cells) demonstrated enhanced HFO reduction capacities compared to cultures grown with tyrosine + sulcotrione, no tyrosine, or sulcotrione only (non-melanized cells) ( Fig. 2A) . TSB grown cells with sulcotrione (non-melanized) also had a diminished capacity for HFO reduction compared to TSB grown cells without sulcotrione (Fig. 2B ) .
Resting cell studies of mutant cultures and S. oneidensis MR-1 grown in TSB and tyrosine supplemented LBSM demonstrated increased HFO reduction capacity as a function of pyomelanin production. ∆melA strain had a diminished capacity for HFO reduction relative to the control S. oneidensis MR-1 ( Fig. 3A and 3B ). In contrast, the pyomelanin overproducing strain (∆hmgA) exceeded the HFO reduction capacity of S. oneidensis MR-1 ( Fig.3A and 3B ). Pyomelanin spiked cultures of ∆melA resulted in a substantial increase in HFO reduction compared to ∆melA without supplemental pyomelanin (Fig. 3B ). oneidensis MR-1 and 92 mV greater than ∆melA grown without supplemental pyomelanin ( Fig. 4C ). In contrast, growth in the presence of pyomelanin resulted in increased current response of ∆melA (Fig 4C) , indicating pyomelanin sorption to the cell surface. In addition a second, small oxidation peak was detected around 470 mV vs.
Electrochemical
Ag(RE) and may be a result of pyomelanin addition.
Two obvious redox couples were generated by CV of ∆hmgA (Fig. 4D ). The formal potential of one redox couple near -474 mV vs. Ag(RE) was similar to that of S. oneidensis MR-1 and the pyomelanin exposed culture of ∆melA ( Cell-free supernatant fluid from the suspensions analyzed above did not produce significant electrochemical activity, demonstrating that the CV of the cell suspensions were due to electrochemical activity at the cell surface and not electron shuttles in the bulk solution.
Prolonged growth in LBSM without tyrosine; pigment production and HFO reduction.
In order to determine if pyomelanin production was possible without exogenous tyrosine, cultures were grown in LBSM without tyrosine for extended periods. Growth in LBSM did not result in any detectable pyomelanin production within the first 48 h by any of the strains (Table 1) . The HFO reduction rates displayed by resting cells from these cultures were also similar (data not shown). However, when incubation was prolonged to 240 h, pyomelanin was detected in the spent medium and cell surfaces of ∆hmgA and S. oneidensis MR-1 ( Table   1 ). In subsequent resting cell studies carried out as above, the ∆hmgA strain reduced HFO to the greatest degree, followed by S. oneidensis MR-1, with the least HFO reduction displayed by ∆melA (Fig. 5 ).
Discussion
Bacterial activity plays an increasingly appreciated role in biogeochemical cycling of metals in the environment. An understanding of specific mechanisms involved in this phenomenon is necessary to more fully address dissimilatory metal reduction and its role in biogeochemical cycling of metals and other key elements such as carbon, nitrogen, and sulfur. 
DMRB, especially in the genus

